The effect of direction of unidirectional pores on the fusion zone shape, which produced by laser welding, of lotus-type porous iron was investigated through the numerical simulation of temperature distribution. Three-dimensional heat-transfer analyses, which take into account the thermal properties of the lotus-type porous iron depending on the direction and volume fraction of unidirectional pores, were performed by the ABAQUS FE code with user-defined subroutines. These results indicated that the lotus-type porous iron has little anisotropy of melting property. The calculated shape of weld fusion zone is in good agreement with the cross-sectional view obtained by experiments. In order to clarify the reason of these results, anisotropy of thermal diffusivity in the lotus-type porous copper, magnesium, and iron used and anisotropy of laser energy absorption coefficient for these metals were estimated. As a result, the lotus-type porous iron used has a little difference of thermal diffusivity and laser energy absorption coefficient due to its low thermal conductivity, low porosity, large average pore diameters, and high laser absorption coefficient of base metal.
Introduction
Lotus-and Gasar-type porous metals had been developed by Boiko 1) and Nakajima et al 2) . These are fabricated by unidirectional solidification under a pressurized gas atmosphere; the pores are aligned parallel to the solidification direction 3) .
These were expected as innovative engineering materials because the directional pores yield various unique physical properties such as sound absorption, thermal conductivity, and electrical conductivity 3) . Therefore, laser weldabilities of the lotus-type porous copper 4) , iron 5) and magnesium 6) were investigated, and the effect of pore direction on fusion zone shape of the lotus-type porous magnesium [6] [7] [8] [9] and copper 8, 9) by using three-dimensional FEM analyses of temperature distribution during laser welding were demonstrated. These reports have pointed out that relation between direction of the pores and the irradiated direction of laser beam appreciably influenced weld formation for the lotus-type porous copper and magnesium; however, the relation had little effect on the weld formation for the lotus-type porous iron.
In the present paper, we performed three-dimensional heattransfer analysis of temperature distribution during laser welding for the lotus-type porous iron, and compared the fusion zone shape with those cross sections obtained by experiments 5) . We also estimated the anisotropy of thermal diffusivity in the lotus-type porous copper, magnesium, and iron used and the anisotropy of laser energy absorption coefficient for these metals in order to clarify the reason of these results. Table 1 shows the fabricating conditions and properties of the lotus-type porous metals used. These are the lotus copper 2-4, 10, 11) , the lotus magnesium 3, 6, [12] [13] [14] , and the lotus iron 5, 15) . These metals exhibit different thermal conductivity parallel and normal to the directional pores [6] [7] [8] [9] 11) . In order to demonstrate the effect of this characteristic on the welding phenomena, three different combinations of relationships -pore direction, applied heat source direction, and welding direction-were considered as shown in observed with a digital microscopy. Figure 2 shows bead appearance and cross section of the lotus iron welds 5) . There is a little difference in the fusion zone shape and penetration depth of the weld bead at the same welding condition among three combinations of direction.
Experimental procedure and results

Numerical simulation and results
Three-dimensional FEM calculation of temperature distribution of the lotus iron was performed using ABAQUS with user-defined subroutines. The detailed descriptions are given in our previous papers [6] [7] [8] [9] . The lotus iron is modeled as an equivalent orthotropic material; Equivalent density eq T , equivalent specific heat C p eq T , and equivalent thermal conductivity parallel and normal to the directional pores, k eq // T and k eq T , with temperature dependencies are described as the following equations [6] [7] [8] [9] .
where is the pore volume content ratio and is assumed to be temperature independence. The properties of n T , C p n T , and k n T with temperature dependency of non-porous iron (AISI 1006) were obtained from the paper 16) .
Heat input in the specimen and heat conduction on the specimen surface also considered during laser welding. More detailed descriptions are also given in our previous papers [6] [7] [8] [9] . The specimen size, welding speed, and spot diameter were assumed to be 20 mm (x) 10 mm (y) 2 mm (z), 1 m·min -1 , and 1.0 mm, respectively. Here, the x-y-z coordinate systems defined as shown in Fig. 1 is used. The thermal conductivity k eq // T is used at the x direction for the combination 1 / / , at the y direction for the 
Discussions
The relation between direction of the pores and the irradiated direction of laser beam remarkably influenced weld formation for the lotus copper and the lotus magnesium [6] [7] [8] [9] ; however, the relation effects a little change in the weld formation for the lotus iron as mentioned above. In order to clarify the reason of these results, anisotropy of thermal diffusivity in the lotus-type porous metals and anisotropy of laser energy absorption coefficient for these metals caused by multiple laser reflections on the wall of pores were estimated as follows.
In order to describe the thermal characteristics of a material, the thermal diffusivity is used in general 17) . This is defined as following equation.
Equivalent thermal diffusivity parallel and normal to the directional pores, eq // T and, eq T are obtained from
Eqs. (1) and Eq. (2).
eq
Then the ratio of equivalent thermal diffusivity is :
The ratio in Eq. (4) means the degree of anisotropy for the lotus-type porous metals. This is also temperature independence. Table 2 shows the equivalent thermal diffusivity in Eqs. (3) and its ratio in Eq. (4) of the lotus-type porous metals used at room temperature. These values are estimated from the thermal properties of base metals at room temperature taken from the handbook 18) and the porosity (pore volume content ratio)
shown in Table 1 . The thermal properties of base metals are also shown in Table 2 . A comparison of the lotus copper and magnesium case shows that the equivalent thermal diffusivity for the lotus iron is low, the difference between eq T and eq // T is very small, and the ratio is higher than that of the lotus copper and magnesium. Therefore, it can be concluded that due to a combination of low thermal conductivity and low porosity, the anisotropic feature in the lotus iron used is much smaller than that in the lotus copper and magnesium.
Anisotropy of the laser absorption coefficient caused by multiple laser reflections on the wall of pores is also evaluated.
As shown in Fig.4 , equivalent heat input normal and parallel to the directional pores, Q in and Q in // , are described as following equations.
where is the laser absorption coefficient of the lotus-type porous metals for the combination 1 / / and combination 2 cases, and it is assumed to be the same of the laser absorption coefficient on the surface of the base material. // is also the laser absorption coefficient for the Table 2 Estimated equivalent thermal diffusivity of lotus-type porous metals used at room temperature. 
where t is plate thickness, is laser irradiated angle, d is average pore diameters, respectively. Eq. (6) is able to apply directly for the evaluation because almost all of the pores in the investigated lotus-type porous metals pierced through the plate in thickness. and that of base metals at room temperature, which is taken from the handbook 19) , are also shown in Table 3 . There is very little difference between and // for the lotus iron.
Therefore, it can be concluded that due to a combination of large average pore diameters, low porosity, and high laser absorption coefficient of base metal, the anisotropy of the laser energy absorption coefficient in the lotus iron used is smaller than that in the lotus copper and magnesium.
Conclusions
Three-dimensional heat transfer analysis of temperature distribution during laser welding for the lotus-type porous iron was performed, and the fusion zone shape obtained from the numerical results was compared with those cross sections obtained by experiments. The anisotropy of thermal diffusivity in the lotus-type porous metals used and the anisotropy of the laser energy absorption coefficient were also estimated in order to clarify the reason of the results. The conclusions of this study are summarized as follows.
(1) Fusion zone shape of the weld bead has little difference for three combinations of directions. Calculated shapes and the experimental ones were similar.
(2) The difference between the equivalent thermal diffusivity parallel and normal to the directional pores is small for the lotus iron, due to a combination of low thermal conductivity and low porosity. 
